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ABSTRACT 
The Escherichia coli iron superoxide dismutase (FeSOD) gene was expressed, at two 
different levels (using episomal and centromeric plasmid systems), in Saccharomyces cerevi -
siae cells deficient in copper, zinc superoxide dismutase. Levels of antioxidant enzymes were 
studied in the recombinant strains in the presence and absence of 1 mM paraquat in minimal 
medium. Exposure to paraquat resulted in: (1) increase in the levels of total SOD, FeSOD, 
and catalase activities in both yeast strains expressing the FeSOD gene, and (2) decrease in the 
levels of glutathione reductase in yeast cells expressing the cloned FeSOD gene on the episo-
mal, but not on the centromeric, plasmid The increase in FeSOD activity suggested that there 
is stimulation of the yeast 3-phosphoglycerate kinase gene (PGK) promoter controlling the 
cloned FeSOD gene in the presence of paraquat This could be either due to the oxidative 
stress induced by paraquat, or as a result of an inherent effect of paraquat itself. This hypo-
thesis, that is, induction of the PGK promoter in S. cerevisiae under oxidative stress, is pre-
sently being studied in our laboratory. If confirmed, this finding would complement previous 
observations that transcription of S. cerevisiae PGK increases on heat-shock (Piper et al. 
(1986) Eur. 1. Bioc/zem., 161,525-531). Thus the PGK gene could be implicated as being one 
of the genes that are induced as part of the general stress response of S. cerevisiae. 
INTRODUCTION 
Superoxide dismutase (SOD) is a ubiquitous enzyme in aerobic organisms, with three 
isoenzymes being FeSOD, MnSOD and CU,ZnSOD. The FeSOD is present in prokaryotic 
organisms, plant chloroplasts and some protozoa (1). The SODs of eukaryotic cells are cha-
racteristically the cytoplasmically located Cu,ZnSOD and the mitochondrially located 
~lnSOD. It has been shown that Escherichia coli FeSOD protects yeast cells from physiolo-
gical and induced oxidative stress when the protein is active in the mitochondrial matrix and 
replacing MnSOD (2), as well as when it is active in the cytosol and replacing Cu,ZnSOD (3). 
Cellular protection against oxidants includes both enz;matic and non-enzymatic defence sys-
tems. Among the more important antioxidant enzymes are SOD, catalase (CAT), cytochrome 
c peroxidase (CCP), glutathione peroxidase and glutathione reductase (GR). Whilst oxidative 
stress responses have been thoroughly studied in prokaryotic organisms, much less has been 
done as regards eukaryotic cells. The yeast Saccharomyces cerevisiae is an ideal eukaryotic 
model for the study of these processes in view of its ease of genetic manipulation. 
In this study, we investigate changes brought about by paraquat in activity levels of antioxi-
dant enzymes in Cu,ZnSOD - deficient yeast cells ex.pressing E. coli FeSOD in the cytosol at 
two different levels. Control of FeSOD gene expression was by the S. cerevisiae 3-phospho-
glycerate kinase gene (PGK) promoter which was stimulated in the presence of paraquat. 
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MATERIALS AND METHODS 
The three S. cerevisiae strains used in this work were: (i) Dscd2-YC (MATa, feul. his3. 
ura3. sodl-l. URAJ) which is deficient in cytosolic SOD activity; (ii) Dscd2-YC-F (MATa, 
leul. hisi ura3. sodl-l. URA3. SODB) which is isogenic to Dscd2-YC except for the presen-
ce of the E.coli FeSOD gene flanked by the yeast PGK gene promoter and transcription ter-
minator on the centromeric plasmid YCplacSOD; (iii) Dscd2-YEp-F (MATa, feul. his3. ura3. 
sodl-l. URA3. SODB) (3) which carries the E. coli FeSOD gene flanked by the yeast PGK 
gene promoter and transcription terminator on the multicopy plasmid YEp-PGK-F (2). 
The culture medium used was minimal medium (3). Aerobic growth in liquid cultures was 
maintained at 30°C with constant shaking at 300 rpm on a Controlled Environment Incubator 
Shaker (New Brunswick Scientific). 
Superoxide dismutase, CAT, CCP and GR assays were carried out as described previously (3). 
All assays were carried out on freshly prepared total cell or membrane-free cytosolic extracts. 
RESULTS AND DISCUSSION 
In the absence of paraqua~ FeSOD activity levels were higher in Dscd2-YEp-F cells 
than in Dcsd2-YC-F cells (Fig. lE & C). This is due to the expression of E. coli FeSOD from 
a high copy number plasmid in the fonner strain, whilst in the case of Dscd2-YC-F, FeSOD is 
expressed from a centromeric plasmid Despite very different c~tosolic SOD activity among-
st the three strains, no difference in the activity of the antioxidant enzymes CAT, CCP and GR 
was detected in the absence of paraquat (Fig. lA, B & C). This implies that the higher expres-
sion of SOD with a nonnal flux of superoxide radicals did not necessitate a corresponding 
increase in the other antioxidant enzymes. On the other hand the presence of paraquat increa-
sed production of superoxide radicals thereby generating more H20Z ~'ia the SOD-catalysed 
dismutation reaction. This in turn stimulated CAT, but not CCP. activity. impl)ing that in this 
case, CAT is the main enzyme induced to remove the generated HzO, (Fig. lE & C). 
A decrease in GR activity occurred in Dscd2-YEp-F when compared to GR levels in the same 
strain in the absence of paraquat (Fig. IC), implying less depletion of ~ADPH reserves of the 
cells, caused by the reduction of oxidised glutathione to reduced glutathione at the expense of 
NADPH. These results support the proposal ofWinterboum (-+) that superoxide can cause oxi-
dative stress to the cell by depleting cellular energy reserves by consumption of NADPH in 
free radical chain reactions involving GSH. 
In the presence of I mM paraquat, an increase in FeSOD activity was detected in both strains 
carrying the FeSOD gene under the transcriptional control of the PGK promoter (Fig. 18& C). 
A six-fold increase in FeSOD activity levels was observed in Dscd2-YC-F cells (Fig. 18). 
This points to stimulation of the promoter in the presence of paraquat. 
Transcription of the PGK gene of S. cerevisiae has been shown (5) to be increased by heat 
shock. In fact, a SL"- to seven-fold increase in cellular PGK mRNA was observed on heat 
shock to 37°C. This effect is mediated by the heat-shock-element of the PGK promoter. It is 
supposed that the role of PGK induction is to ensure continued transcription of PGK in heat-
shocked cells, thereby helping the cells maintain their ATP pool either during the period of 
stress, or during subsequent recovery. 
Several lines of evidence point to significant overlap in the genes induced as a response to dif-
ferent types of damage, such as heat shock and oxidative stress. Cross adaptation experiments 
with yeast have shown that heat shock to 37°C was able to cross-protect against both super-
oxide and H20, stress (6). Studies carried out on DlVsophila and manmlals also indicate that 
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a common set of genes and proteins are expressed under either heat or oxidative stress (7). 
Moreover, evidence exists in support of heat stress as a form of oxy-radical stress (8, 9). The 
mechanism of resistance of heat-shocked cells to oxidants is still not known. 
Oxidative stress, like heat-induced streis, may damage membrane structures, which may result 
in disruption of the normal coupling between electron transport and oxidative phosphoryla-
tion. ATP depletion is again the ultimate result. Our experiments indicate that there might be 
an induced oxidative stress effect on glycolysis via PGK stimulation. This effect would ensu-
re that energy levels are maintained subsequent to induced oxidative stress. Indeed, prelimi-
nary results using a S. cerevisiae PGK-lacZ fusion construct corroborate this hypothesis 
(Fig.2). Stimulation of the PGK promoter is being tested with other inducers of oxidative 
stress such as H,o, and menadione, in order to determine whether the stimulation is a result of 
oxidative stress, or rather an inherent effect of paraquat itself. 
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Figure 1. Antioxidant enzyme activities of recombinant S. caevisiae strains (A) Dscd2-YC, 
(B) Dscd2-YC-F and (C) Dscd2-YEp-F. 
Cells we!e grown in minimal mediwn (open bars) and minima1 medium containing 1 mM 
paraquat (dotted bars). CeIls were harvested between late logarithmic and early stationary 
phase. There was no resultant growth of Dscd2-YC in minimal medium containing 1 mM 
paraquat (A). Specific activity was determined in triplicate on at least three independent extra-
cts. CCP activity was normalised to 20 pM. cytochrome c concentration in the assay. Specific 
activity of total cellular SOD, CAT, CCP and GR are quoted as U/mg total cell protein while 
FeSOD activity is quoted as U/mg membrane-free cytosolic protein. 
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Figure 2. B-galactosidase assays using a PGK-lacZ fusion construct, in the presence and 
absence of paraquat 
The complete PGK promoter was cloned into the shuttle plasmid YEp363 (ATCC37728) to 
create a PGK promoter-lacZ fusion construct This was used to transform wild-type S. cere -
visiae EG 103 cells. Cells harbouring the reporter gene construct were grown in minimal 
medium containing no or 1 mi'vi paraquat to early-stationary phase. at which point B-galacto-
sidase assays were carried out on cell extract as described (l0). Units of B-galactosidase acti-
vity are in nmoles/min/mg total protein. Each value represents the mean of three separate 
assays. 
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